Abstract: Salts comprise a very large and important group of chemical compounds. Natural occurrence of salts and industrial processes of their recovery, conversion, purification, and use depend on solubility phenomena and their chemistry in aqueous solutions, mostly in multi-ion systems. Modeling of these processes as well as developing new ones requires knowledge of the properties of the aqueous salt solutions in extended T-p-x ranges including a growing number of components in solutions (CO 2 , SO 2 , lithium salts, salts of rare earth metals, actinides, etc.). At least for the thermodynamic properties, the general accepted methodology is to use thermodynamic databases of aqueous species and solids in combination with an appropriate ion-interaction model to perform equilibrium calculations for species distributions in solution and phase equilibria. The situation in respect to available thermodynamic models and data for their parameterization is discussed at selected examples. Thereby, the importance of accurate experimental determinations of phase equilibrium data for derivation of model parameters is emphasized. Furthermore, it is concluded that experimental investigations should follow a chemical systematic. Simple physical models or quantum chemical calculations cannot predict unknown quantities in the databases with sufficient accuracy.
INTRODUCTION
The chemistry of salts in aqueous solutions concerns first of all processes of its dissolution and crystallization, hydrolysis, and formation of complex ions in solution. The combination of metal cations with typical inorganic anions as halide, sulfate, nitrate, phosphate, etc. yields a very large number of *Paper based on a presentation made at the 14 th International Symposium on Solubility Phenomena and Related Equilibrium Processes (ISSP-14), Leoben, Austria, 25-30 July 2010. Other presentations are published in this issue, pp. 1015-1128. ‡ E-mail: Wolfgang.Voigt@chemie.tu-freiberg.de compounds with salt-like properties, that is properties dominated by ions. The class of salts covers a wide spectrum: from NaCl, gypsum (CaSO 4 ؒ2H 2 O), anhydrite (CaSO 4 ), saltpeter (NaNO 3 ), and cryolite (Na 3 AlF 6 ) to salts of heavy metals or of noble metals. In geology, environmental sciences, medicine, and industrial processes many problems are related to the question of the solubility of salts. This question asks for the ion combination, which will form a solid salt from an aqueous solution of certain composition and temperature. Every textbook on general and inorganic chemistry describes salts as ionic compounds crystallizing in ionic lattices with a certain lattice energy. Dissolving these salts in water requires that the lattice energy is overcome by the process of ionic hydration. Both quantities are then used to explain the tendencies in the solubility for simple salts like alkaline metal halides or alkaline earth metal sulfates often in relation to the Haber-Born cycle [1] . This picture is only suited to get a rough idea about factors like ion charge/radius ratio having influence on the solubility of salts. Besides the intrinsic properties of the solids (lattice enthalpy, entropy) the solubility of salts in water or in solutions containing other ions depends on the ion-water and ion-ion interactions. These interactions are changing very sensitively with concentration, composition, and temperature. At present, chemistry can still not give a quantitative answer by means of definite structural models [2] . Solubility relations of different salts in mixed ionic solutions form also the basis for an understanding of their existence and stability in contact with aqueous solutions.
The first systematic investigation of this kind was realized by J. H. van't Hoff, the first winner of a Nobel prize in chemistry in 1901 ( Fig. 1) , whose centenary of death we remember in 2011. By consequently applying state-of-the-art theory of chemical thermodynamics and equilibrium, he and his coworkers developed within 12 years research a nearly complete scheme of the composition and temperature conditions for the formation of the various salt phases (hydrated and anhydrous simple salts, double salts, triple salts) from aqueous solutions of the oceanic system, which comprises the ions Na + , K + , Mg 2+ , Ca 2+ , Cl -, and SO 4 2-. The results of the 52 papers were summarized in the famous book Investigations on the Conditions of Formation of the Oceanic Salt Deposits, especially of the Stassfurt Deposit (see Fig. 2 ). At the same time, this was the first systematic investigation of a multi component salt-water system, which was highly needed at that time for a more effective exploration of potash deposits and its recovery to produce potash fertilizers. The work of van't Hoff was continued by D'Ans [3] , Autenrieth [4, 5] , and Emons [6, 7] and is continued to the present [8] [9] [10] . More than 100 years research on this salt system has steadily improved the technology in recovery of mineral fertilizers, the understanding of formation of salt deposits, and the production of basic chemicals as part of the extended oceanic system including carbonates, H + and OH -.
SALT-WATER SYSTEMS IN MODERN APPLICATIONS
New aspects of applications with the need for detailed knowledge of solubility, solution equilibria, and properties in the oceanic salt system are the storage of nuclear wastes in geological salt formations as in northern Germany (Gorleben, Morsleben) or in New Mexico, USA (Carlsbad WIPP site), storage of inorganic toxic waste in old salt mines (Teutschenthal, Germany), CO 2 sequestration in highly saline aquifers of large depths, and exploitation of geothermal brines. These new tasks require knowledge of the phase behavior and solution properties at extended temperature and pressure ranges, the inclusion of more and more components as CO 2 , heavy metals, actinides, acids and bases, and Li + . The latter ion recently became a very important issue for the recovery of lithium salts from brines of salt flats and lakes in South America (Chile, Argentina, Bolivia) and Asia (West China) to ensure a sufficient production of Li 2 CO 3 for large lithium batteries in automotive and other applications. The brines located in the salt crusts contain between 300-4000 ppm Li + . The concentration is enhanced by solar evaporation. At the same time, huge amounts of other salts have to be crystallized [11] and separated exploiting the multicomponent solubility equilibria (Fig. 3) . Another topic concerns weathering of historical and modern buildings. It is often controlled by crystallization and dissolution of salts at changing humidity of the surrounding air. To understand these processes, detailed data on phase diagrams and properties (water activity, partial molar volumes) of mixed solutions of alkaline and alkaline earth metal chlorides, nitrates, and sulfates are needed [12, 13] .
Another topic where the chemistry of salt-water systems is asked for concerns interplanetary science. New observations of Mars missions gave evidence for aqueous salt solutions existing at very low temperatures (180-250 K). The questions arise, which cryotectic water-salt mixtures can be formed down to about 200 K, what properties can we expect from these solutions, and could it be a possible environment for life? To answer these questions, a large number of salt-water systems have to be considered [14] .
Modern applications concern of course all the hydrometallurgical processes for recovery and purification of zinc, aluminum, and heavy metals like copper, nickel, cobalt, etc. The control of leaching and solid-liquid separation processes require a more accurate description of phase and chemical equilibria and the kinetics to reach these equilibria [15] .
Environmental sciences need more accurate equilibrium data in order to make use of the sensitivity and accuracy of modern methods of concentration monitoring.
Summarizing, it can be stated that modern needs in the chemistry of salt-water systems consist on one hand in a fine-tuning of the models for property descriptions and on the other hand in predictions when extending temperature, pressure, or system components.
SOLUTION MODELS AND THERMODYNAMIC DATABASES
Starting with van't Hoff, further development in the theory of salt solutions or more general electrolyte solutions focused on the physical description of the long-range ion-ion interactions [16] . Combined with ion-specific, short-range interaction terms, equations were formulated describing the concentration dependence of activity coefficients of salt components [17] , osmotic coefficients, or more general the excess Gibbs energy of mixing [18] [19] [20] [21] . Still the most popular approach for the thermodynamic treatment of concentrated electrolyte solutions represents Pitzer's ion interaction model [22] . It is based on some fundamental considerations on virial equations for electrolyte solutions, a restriction to the second and third virial coefficient with a suited choice of the mathematical form of ionic strength dependence. Thus, the model is able to describe the thermodynamic properties of electrolyte solutions up to ionic strengths of approximately 6-10 mol/kg H 2 O, when model parameters are estimated from appropriate binary and ternary salt-water systems. For a given temperature and a typical system like NaCl-KCl-H 2 O, 3 parameters for every binary system (NaCl-H 2 O, KCl-H 2 O) and 2 additional empirical parameters are required for the ternary system, that is 8 parameters in this case. All interactions in the higher-component systems are calculated using only parameters from the corresponding binary and ternary systems. Nevertheless, for the hexary oceanic salt system the parameters have to be estimated from experimental data of 8 binary and 16 ternary systems, which gives 56 isothermal parameters and 2 additional parameters for the 2-2 valent electrolytes MgSO 4 and CaSO 4 . Using these parameters, the activity coefficients of saturated salt solutions can be calculated and thus the thermodynamic solubility constants. For the most important 35 salt phases it has been done for the oceanic salts [23] . Pitzer parameters and solubility constants form a data set stored in a thermodynamic database, which in connection with appropriate equilibrium calculation codes (ChemSage, ChemApp, FACTSAGE, EQ3/6, PHREEQC, GEMS, MINEQL+) allow simulation of phase equilibria of complex composed salt-water systems. In a similar way, also parameters for speciation equilibria in homogenous solutions (complex formation) with interactions of the corresponding complex ions and their equilibrium constants are extracted from experimental data [24] . Pitzer's theory gives no hint for the temperature dependence of the model parameters and thus entirely empirical equations are used. For a temperature interval from 0 to about 200 °C, up to 8 temperature coefficients are necessary for every Pitzer parameter. The same is valid for the solubility constants. Databases containing such temperature-dependent parameters enable calculation also for enthalpic effects. However, the predictive power of the Pitzer model is limited, especially when the ionic strengths are higher than 6 molal.
The computing power of personal computers or laptops is sufficient to perform equilibrium calculations with hundreds of species and phases in seconds. Thus, the current state of the art to study geochemical and industrial processes consists in thermodynamic modeling and simulation using a suited database and program code. Efforts are being made to couple equilibrium calculations with transport codes [25] . In this case, computing time for the equilibrium states becomes critical.
The large number of parameters is not a limiting factor in computer calculations. The limitation has to be seen in the availability of experimental data for their estimation. Thus, for solutions formed from combinations of the most important of 28 cations and 16 anions, activity data for 448 binary and 9408 ternary systems have to be provided and approximately 22.000 parameters have to be extracted from the available experimental data for one temperature. Only for a limited number of ternary systems are such data available for one temperature, even worse is the situation when temperature ranges have to be considered. Database projects, where existent data from literature are gathered to extract model parameters, have been reviewed recently [26] .
Therefore, constant efforts are directed to develop models with a smaller number of adjustable parameters. However, applicability is mostly tested only for binary salt-water systems [27] [28] [29] [30] [31] . One general approach combines typical nonelectrolyte models such as NRTL, UNIQUAC, or UNIFAC models with an extended Debye-Hückel term [32] [33] [34] [35] [36] [37] [38] [39] .
Extensive demonstrations for application of an extended NRTL model for salt-water systems are given by Iliuta and Thomsen [35] . As long as temperature-dependent models are considered the advantage of an apparently smaller number of parameters in the solution model is often counteracted by abnormal many temperature coefficients of the solubility constant. Often the existence range of a salt hydrate or double salt is less than 15 K, however, the solubility constant is modeled with 5 temperature coefficients [35] . Other types of model use physical reference models like MSA (mean spherical approximation), integral equation approach, or others: reviewed in [40] .
Another way to derive missing interaction coefficients, for instance, in a Pitzer model is to generate "quasi-experimental" data by the use of mixing rules like those of Zdanovskii or Young [41] [42] [43] Thermodynamic standard-state properties of ions in water at 298 K can be found in [44] [45] [46] [47] . For extended temperatures and pressures the correlation from Helgeson, Kirkham, and Flowers (HKF model) [48, 49] is often used, where the values generated by the HKF model can easily be accessed by means of the software package SUPCR92 [50] . Also, more simple correlations as proposed by Cobble and co-workers [51, 52] or the coulombic compensation principle [24, 53] can be used to estimate standard data for high temperatures.
In online databases these data are often easily accessible [26] . However, the user has to ensure (sometimes supported by the database itself as in THEREDA) that standard data, speciation, and activity models are consistent with each other. Despite consistency issues and uncertainties in validity ranges of model parameters, etc. the community of users routinely applying packages consisting of solution model, databases, and calculation codes to handle aqueous chemistry problems is ever growing. Therefore, there is a strong focus to expand the databases and to improve the codes and their user interfaces.
DATA SOURCES AND EXPERIMENTS
The most important types of experiments from which parameters for thermodynamic models are estimated are a) isopiestic measurements [54] Experiments of types a-e are normally performed in undersaturated solutions providing properties of the solution only. Combined with determinations of solid-liquid equilibria thermodynamic quantities of the solid phases can be derived. In principle (and most basic) the latter information can be obtained from enthalpy of dissolution of the solid-phase and low-temperature heat capacity measurements. However, the overwhelming majority of Gibbs energy of formation data of salts and its hydrates tabulated in standard data books [46, 47] have been derived from solubility data. Without accurate solubility data also most of the formation data would be inaccurate.
Particularly in the case of solubility determinations often very old papers have to be studied, because the study of solubility in aqueous salt systems in contemporary chemistry is not considered as scientifically interesting. One actual example represents the solubility equilibria of polyhalite, a wide spread in rock salt formations triple salt mineral, K 2 SO 4 ؒMgSO 4 ؒ2CaSO 4 ؒ2H 2 O. At the standard temperature of 298 K, data only from van't Hoff [81] or [82] are available. In order to accomplish a thermodynamic model to describe the compositions of solutions, where polyhalite can be in equilibrium besides the solubility product of polyhalite itself also the Pitzer parameters for the Mg 2+ -Ca 2+ and Mg 2+ -SO 4 2--Ca 2+ interaction have to be known at high concentrations of MgSO 4 . The latter can be best determined from solubilities of gypsum in MgSO 4 solutions. Harvie, Möller, and Weare established the well-known in the geochemical community Pitzer equation based seawater model for T = 298 K [83] . In their data compilation they had to rely on solubility determinations of gypsum by Cameron [84] from the year 1906 for the description of the Mg 2+ -SO 4 2--Ca 2+ interaction. At that time no suited analytical method was available for the determination of Ca 2+ concentrations in high concentrated magnesium salt solutions. The difference between the old and new data is illustrated in Fig. 4 . The consequences of new data are illustrated for the existence range of polyhalite in solutions of potassium and magnesium sulfate at 298 K as shown in Fig. 5 . Implemented in a new Pitzer model of the hexary oceanic salt system (available from <www.thereda.de>), a much larger composition range is calculated for the existence of polyhalite at 298 K. This has consequences for the geochemical interpretation of brine analyses. Also, we conclude that the lower formation temperature of polyhalite in contact W. VOIGT with solution can be lower than 286 K as was predicted by van't Hoff [81] and never adjusted until present days. First findings of polyhalite from drillings in the Salar de Uyuni, where temperatures are well below 286 K, seem to confirm this conclusion.
FORMATION OF DOUBLE SALTS AND SALT HYDRATES
The prediction of the crystallization fields of the various hydrate types of a salt or double salt represents a long-standing issue. In past times the preferred approach was the direct phase equilibrium experiment. For a certain class of salts or their combinations, the phases in equilibrium were separated and chemi- cally analyzed. Guided by some correlations of chemical parameters like ionic radius, chemical hardness, and softness [87] or ligand field stabilization energies, the comparison of a series of systems and their phase diagrams led to conclusions about the possible existence of double salts in analogous systems not investigated at time. Of course, such correlations were more or less qualitative. The situation has changed dramatically in the last 20 years. Progress in methods for X-ray crystal structure analysis made it possible to discover a large number of new crystal phases in nature and in the lab. Often also the composition of known salts are determined more accurately as, for example, for the "MgSO 4 ؒ12H 2 O", which is now meridianite, MgSO 4 ؒ11H 2 O, [88, 89] , similar for kainite [90] or loeweite [89] . Thus, the situation arose that hundreds of double salt phases are known structurally but no thermodynamic data of formation are available and the conditions of their formation or crystallization are unknown. In order to fill such data gaps in thermodynamic databases, several estimation methods have been proposed as, for instance, by Jenkins and Glasser [92] [93] [94] [95, 96] by means of eq. 2.
Since the relation 3 is valid eq. 2 implies the additivity rule of the Gibbs energies of
formation of the component salts. This means, however, an absence of a driving force to form the double salt. The apparent confirmation of this "rule" by comparing calculated and experimentally found solution concentrations is a consequence of the form of some solubility diagrams as shown in Fig. 6 as well as of the accuracy of chemical analysis. In the case of type A, the solution composition in equilibrium with the double salt is not much different from a solution composition of the mixture of the single salts, and hence the "rule" is apparently valid. Not so in cases of types B and C, where the forma- tion of the double salt decreases the total salt concentration considerably in relation to the extrapolated single salt branches in the diagram. Double salts of the type M 2 SO 4 ؒM'SO 4 ؒ6H 2 O, Tutton's salts, belong to the most extensively investigated double salt hydrates. To predict which combination of M and M' form stable salts in contact with aqueous solutions, one could try to estimate the Gibbs energy of formation from aqueous ions and use one of the above-mentioned programs and solution models to calculate the crystallization branches of possible double salts. In Figs. 7a,b , the known Gibbs energies of formation for M = K are correlated with the position in the periodic table (7a) and the radius of ion M' 2+ (7b). As can be seen from the graphs for Mn 2+ , V 2+ , and Cr 2+ the correlation would yield negative values of Gibbs energies of formation, however, with an uncertainty of approx. ±3 kJ/mol. The influence of such a variance of Δ f G°(DS) is demonstrated in Fig. 8 for M' 2+ = Mg 2+ . The changes in the solubility isotherms are drastic, and other phases such as leonite overlap in the field of uncertainty. There are also efforts to apply quantum chemical methods to predict the existence of solid phases [97, 98] . However, for double salt predictions they are too inaccurate. Thus, much more accurate data of Δ f G°(DS) are needed for solubility predictions of unknown double salts. Presently available estimation methods are not sufficient for this purpose. [100] , but no Tutton's type. Maybe the latter can be found at lower temperatures, however, already at ambient temperatures equilibration times of 1-2 months had to be applied to obtain the equilibrium solid phases. [99] ; number of PDF entries, "no success" means no successful attempts for preparation, "no info" means no information at all. 
PROPERTIES OF SALT SOLUTIONS AT ENHANCED TEMPERATURES
Enhancing the temperature the solubility of salts can increase or decrease, for MgSO 4 both can be observed as shown in Fig. 9 decreased ion hydration and ion association. Addition of another electrolyte turns the negative temperature coefficient into a positive one if sufficiently high concentrations are reached. This topic was thoroughly discussed by Valyashko [101] . This phenomenon was recently also confirmed the solubility of CaSO 4 , anhydrite, in solutions of NaCl at enhanced temperatures [102] , which is nicely visible at the crossing point of the solubility isotherms at 7.0 mol/kg H 2 O (see Fig. 10 ).
In mixed salt solutions at very high concentrations due to the coordination competition of cations for water and anions, peculiar behavior can occur as is illustrated for the system KCl-MgCl 2 -H 2 O in (Fig. 11) , which is quite surprising. The thermodynamic properties in the range of molten salt hydrates are successfully described by means of the modified Brunauer-Emmett-Teller (BET) model [106] [107] [108] [109] [110] [111] . This model uses only two parameters for every salt component (maximum hydration number and the adsorption energy of water at the salt component). Often the temperature dependence of these parameters is sufficiently described by a linear or quadratic function. When salt-salt interactions are strong (complex formation) the simple BET model cannot be used.
Recently, it was shown that models with a small number of parameters can be formulated, when the enthalpy and entropy of step-wise formation of hydrated ions and anionic complexes are interrelated in reaction chains [112] . Formation data of the anhydrous species can be estimated from thermodynamic measurements in anhydrous molten mixtures at much higher temperatures. An example of the description quality is given for the system KCl-MgCl 2 -H 2 O in Fig. 12 . For this system, enthalpic and entropic parameters for the following species were derived from all available thermodynamic data in the aqueous and molten anhydrous system (for details, see [110] 4 . Considering the large interval of composition and temperature a fairly good description of the thermodynamic quantities of liquid phase could be achieved with 20 parameters. For the phase diagrams only the formation enthalpy and entropy of the solid hydrates had to be adjusted.
Further peculiarities of molten salt hydrates concern the acidity and reactivity. The acidity of simple solutions like ZnCl 2 or Al(NO 3 ) 3 become comparable with strong mineral acids like HCl, when the molar water/salt ratio is diminished below 6 [113] . In these liquids, noble metals as gold can be dissolved at temperatures below 100 °C [114] . In essence, molten salt hydrates represent protic ionic liquids, the reactivity of which can be controlled by the water content and specific choice of cation-anion combination. An idea of the structural situation and resulting reactivity can be gained from Fig, 13 for molten ferric nitrate pentahydrate. The water molecules are strongly polarized between nearest-neigh- bor cations and anions, such that proton transfer is facilitated and an activity of HNO 3 results. Direct coordination of NO 3 -at Fe 3+ can generate a situation, which is comparable with the formation of a nitryl cation. These effects are obviously responsible for the nitrating ability of this molten hydrate. In this medium, toluene can be nitrated to mono-and dinitro-toluene [115] , a reaction for which, in general, mixtures of concentrated sulfuric and nitric acid are needed.
CONCLUSIONS
Modern science and technology requires accurate property data of aqueous salt solutions at extending ranges of temperature, pressure, and composition. At the same time, a growing number of ionic constituents have to be considered. The computing power of personal computers is sufficient to calculate complex solubility and speciation equilibria of multicomponent water-salt systems by means of contemporary equilibrium calculation codes. However, the results are limited by the underlying thermodynamic databases and parameters of solution models. The limitations concern
• the accuracy of the description of experimental data, • the available model coefficients for the various ion-ion interactions, • the standard data for solid salts, particularly hydrates and double salts, and • the ranges of temperature and pressure.
Current physical models cannot predict missing data for solid phases, particularly hydrates and double salts, with the required accuracy. For extrapolations of mixed solution properties toward higher concentrations, simple mixing rules such as Zdanovskii's or Young's rules should be preferred to extrapolation of validity ranges of more complex models. Application-oriented experimental programs are set up to fill some of the data gaps. However, in parallel a renaissance of systematic physico-chemical investigations of electrolyte systems would accelerate the development of structure-property-related models suited for predictions.
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